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ABSTRACT 

Antibody-directed catalysis (ADC) is a two-step method for the delivery 
of chemothcnipeutic agents in which cnfyme«antibody conjugate, prelo- 
calizcd to antigen-bearing tumor cells, catalyzes the site-specific conver- 
sion of prodrug to drug. An ADC system consisting of F(8b')-0-lactamase 
coiUugatcs and a cephalosporin derivative of the oncolytic agent 4-de- 
sacetylvinblastine-3<arlM>xhydrazlde was investigated. 

The ability of the system to mediate aniituinor activity was compared 
with that of Arte drug given alone and with covalent drug-antibody con- 
jugates In LS174T and T380 colon carcinoma xenografts in nude mice. 
Efficacy increased ffhim moderate tumor growth inhibition by using free 
4-dcsacetylvinblBstine-3-carl>oxhydrazlde to tumor regression and long- 
term stabilization with the AIXT system. Labile covalent dnig-antlbody 
coiyugatcs prepared from the same antibodies were less effective than 
ADC and required much higher antibody doses. 

The antigens KSl/4, carcinoembryonic antigen, and tumor-associated 
glycoprotcin-72, TAGr72, present on the model cell lines, were chosen to 
Investigate the effect of differences In sulicellular location and expression 
heterogeneity on the cffkacy of ADC delivery. Response was equivalent 
with the three tumor antigens. Hence, heterogeneous expression and mem- 
brane shedding of carcinoembryonic antigen and TAG-72, did not dimin- 
ish the suitability of liicst aut^eos as targets for ADC therapy. In contrast, 
drug-antibody coigugatc efficacy was more sensitive co subcettuiar iuca- 
tibn and hHcrogeneity. 

Thus, aDC Is a highly effective form of imrounochemotherapy in pre- 
clinicfti models, with applicability toward a variety of antigen targets. 

INTRdDUCTIGN 

The fundamental rationale for targeted delivery systems is: that 
efficacy can be maximized and toxicity minimized by biasing the 
biodistribution of the chemotherapcutic agent toward the disease site 
and away from sites of organ toxicity. To achieve advantage over more 
traditional forms of treatment, a targeted delivery system must, also 
produce a higher concentration of drug al the tumor than can be 
produced by nontargeted administration of the .same drug. Several 
recent reports (1-3), have described ADC^ systems which attempt to 
provide, simultaneously, a biodistribution bias favoring the tumdf, and 
a mechanism for obtaining higher tumor concentrations of drug than 
could be obtained by direct administration of active agent, this is 
achieved by using an enzyme covalently conjugated to a tumpr-sc- 
Icctivc antibody. Such a conjugate catalytically converts an indepen- 
dently administered prodrug into the active oncolytic agent, poten- 
tially reaching a concentration far greater than that of the conjugate 
itself. 

The current study was undertaken to determine whether ADC is 
capable of overcoming two of the most important theoretical limita- 
tions of targeted delivery with drug-antibody covalent conjugates: the 
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requirement tor large antibody doses and the paucity of antigens that 
are both sufficiently specific for (Effective targeting and sufficiently 
concentrated at the liimor !o rpcdtatt^ deliverv of theraoeutic concen- 
trations of drug (4). To this end experiments were performed to 
determine: (a) the pharmacokinetic behavior of an enzyme-antibody 
conjugate; (b) the efficacy of the ADC system directed toward three 
different antigens in two different cell lines, relative to nontargeted 
drug treatment, and to covalent drug-antibody conjugate treatment 
with the same drug; and (t*) the minimum conjugate dose required to 
obtain maximal efficacy. ^ ' 

The primary goals iii selecting the enzyme and substrate conipo- 
ncnts of this ADC system were {a) that the enzyme and substrate be 
absent from mammalian tissues; (/>) that the system offer potential for 
release of a jvaricty of drugs with drug release mediated via several 
different functional groups; (c) that the drug released (at least in initial 
studies) not. require further activation or metabolism; and (^)4hat the ' 
molecular ^weight of: the conjugate be minimized in order to facilitate 
rapid clearance of the conjugate from circulation. The enzyme chosen 
to meet thesc 'criteria was' the /3-lactamase from the 265A strain 61 
Fjuerohacur cfoac(H\ i\m\ the prodrug was a ccpHalospoVin sulfoxide^ 
derivative in 4-desaceiylvinbiasiine-3-carb6xh Similar con- 

siderations have als6 led others to adopt P99 or other |3-iactamases for 
site-specific prodrug a(M 

The E. , cloacae' 265 A lactamase, designated .P9.9, vyas selected 
because of it.s ability to hydrolyze a large number of cephalosporins.^ 
The P99,chzyme has Ijecn well studied (8, 9). Its amino acid and gene 
sequences have been determined and the active site residues arb 
known: Several of its properties were considered to be; advantageous r 
for ADC; it is lif moderate molecular weight (40,(K)0)i is readily 
available via one-step affinity chromatography (10)/and requires no 
cofactors. The enzyme catalyzes the hydrolysis of cephalosporins 
resulting in expulsioii of substituenls. if .they are sufficiently good 
leaving groups (II; 12). from the eephalbsporin 3' position. '■■ 

To facilitate rapid clearance from the circulation, conjugates Were 
designed with a single F(ab')-bindirig arm. Use of "this fragment for 
the antibtnly moiety allowed regiospecific conjugation through tlic 
hinge region sulfhydryis and facilitated purification by gel permeation' 
chromatography (13). Hence; the studies reported here also address 
the question of whether single binding- arm conjugates' are capable, of 
mediating this form of targeted delivery. r ..• v- 

MATERIALS AND KfETllODS 

Prodrug Synthesis. Synthetic incthodology was developed to attach ihe 
acyt hyJra/idc functionality of the potent vinblastine derivative DAVLBHYD ' 
to the cephalosporin 3' position via an azacarbamate linkage (Fig. 1) (14). The 
synthesis bcg:in with the commercially available cephalosporin, cephalothin, 
which was converted to ihc .3-(hydruxyniclhyl)-2-cephem derivative in two 
steps (15). The carhoxyltc acid function was protected as^a benzhydryl ester, 
and the 3' hydroxyl moiety was acylatcd with p^niirophenyl chloroformate to 
form the carbonate. Oxidation of (he sulfide, with concomitant olenn isomer- 
izalion.. provided, the l-p-sulfoxidc-3-ccphcm. 
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Fig. !. :-:;rui*l'jrc i>f !he i^vyjrj^*, LY:A/Jnil »n,\ the (inmlylic agent DAVI.BHYD. 
Mydrolysis of the fJ-lactam ring of the ccphalmpurin sulfoxide rcsults^in expulsion of the 
3' subslituent leading to.generation of DAVLBHYD. 



Sclcclivc nuclcophilic displuccmcnt of the carbimatc with DAVLBHYD 
(16. 17) formt'd the aziicarbamalc linkage, thus coupling the oncolytic agent to 
the cephalosporin. Acid^caialyzcd hydrolysis of the ester provided the desired 
prodrug. Previous experimental ion (14) had shown that the sulfoxide form of 
the cephalosporin would be a better substrate with hydrolylic stability at least 
comparable to the unoxidizcd cephalosporin. Tlie azacarbamate functional 
group is relatively resistant to uncatalyzcd hydrolysis at physiological pH. but 
behaves as a leayinjs group after enzyme catalyzed hydrolysis of the ^-lactam. 

i'he molecular weight ratio, DAVLBHYD/LY2Wrf)7() is Hence, 4.(1 
.,mg/kg prodrug is cquiyalerit to. 2.4 mg/kg drug. _ . . . ^ 

Coristrucllbh' lif Fj[ab' i-j|3-Lactainase Coivlugiates. Antibody^nzymc 
conjugates were ainstruc^^ from F(ab') fragnicnts (A/, -;50.(M)6) for ta 
ing. Fragments wOrc ''obtained by pepsin digestion of ant ibiodics directed to 



effect, and how ADC compared with labile covalent dnig-antibody conjugate- 
rargeted delivery in terms of overall efficacy, dependence on a particular 
antigen, and antibody dose requirement. Comparison of ADC delivery with 
covalent drug-antibody conjugate delivery was performed on the basis of an 
ADC-dosing protocol and a drug-antibody conjugate-dosing protocol. 

ADC 'nimor Therapy Studies. The cell lines used for in vivo studies are 
colon carcinoma lines designated T380 and LSI74T LS174T cells have been 
shown to express the KS 1/4 (24), TAG.72 (25, 26), and CEA (27-29) antigens. 
CEA has also been detected on T380 cells (30). Antigen expression on the 
LS174T cells is described in "Results." 

Tumor growth experiments were performed somewhat diflfeiently for the 
two tumor types. LS174T tumors (Figs. 3 and 6) were implanted as in the 
biodistribulion study (s.c. inoculation of 1 X 10^ cells) and allowed to reach 
the desired size before dosing was initiated. Animals (10 in the saline control 
group; 5 in (he treatment groups) were Iriealed with specific (a-KSI/4-, 
a-CEA-, or a-TAG-72-^-lactamase) or nonspecific conjugate (35 /ig). or 
phosphate-buffered saline (10 miw NaP04, 150 mM NaCI, pH 7.4) on the days 
indicated in the figures. These injections were followed after 96 h by a single 
injectipn of prodrug (4 mg/kg), drug (2.4 mg/kg), or phosphate-buffered saline. 
Tumor masses were calculated from tumor volume (assuming a tissue density 
of I g/cm^j, which.was determined by caliper measurement^ using the.formula 
mass = I g/cm* x 0.5 ^ L X W^^ where L and Ware the longest dimension 
and its perpendicular in cms, respectively. All injections were made in the tail 
vein. 

T380 tumors (Figs, 4 and 5) were implanted on day 0 by s.c. inoculation of 
a 0.1 ml tumor slyrry, prepared by suspending I- g of fresh tumor from a 
-passage" mou^c in I ml buffer., in the (lank of female alhymic nude mice. 
Tumors rcaciied the desired size in a ^ceks. treatment groufis of 8 mice each 
;werc given injections of specific (a-CEA-fJ-lactamase) or hohspccific conju- 
gate (35 fig, except iiijhe 'experiment of Fig. 5 wherein conjugate was admin- 



Ihfcc huniah tumor^associutcd antigens; KS 1/4. CEA. andTAG.72 |aniibodics: Slt^' f^^^^^^l 



antigens is cxpre.s.sed on certain carcinomas, their distribtition within tumors * 
dilfer (see "Rcsiiits" ). An additional conjugate was prepared from an irreievan! 
antibody F(ab') fragment that recognizes no antigeri irilhe mouse or tumor 
line, ip>how the efieyi ur'iiuiispcciric" conjugate. , The conjugation method- 
ology has ken dcsCTilKd (13). P99 j3-lactamase was treated with sulfosuccinr 



pH 8.0) on days 14, 21, and 28. These injections were fojlowed by four daily 
injections pf I mg/kg/day ot pradr^ LY-2W)U /u ^^^^^ after conjugate 

injection. In control arms, prodrug injections were substituted with either saline 



(150 mw NaCl) or DAVLBHYD at the molar equivalent of the. prodrug dose 
(0.6 mg/kg/day). ' 7; / ■ . " / ' / 

imidyl 4-(yV.maleimidomethyl)-cyclohexane-l<arboxylate^^ . A", conjugate a^d^ werb given, i v. AU^ima^ tolerated; 

a specified levei'ofmaleimkieiriv..i^^ The malein^dp. grmips^acted . ;|;;;J""!»'P'f .^-V^J^^'^ns .n fract.otiated dosmg protocols wu^^ 
directly .wth the hinge region sulfiiydryls of the. F(al>;). This "conjuga- 
tion methodology ' prescryes immunbreactivity and enzyme 
activity (1.3). ■ ■ ^ • , • - 
Construction of Drug-Antibody Coiyugates. Prcparaiioh of drug-anti- 



body conjugates has been described previously (21). Briefiy, intact antibodies 
. were.pxidized with sodium mctaperiodate to generate aldehydd functional 
groijps. ^hcn purified,, by size exclusion chromatogi:aphy. Incubation of the 
oxidized antibody. with pAVLBH YD generated hydrazone linkages between 
drug and, antibtxly.. Conjugates were purified by gel .chromatography, and 
immunoreactiyity was by an enzyme-linked immunosorbent as.sayr 

ba.scd competition awiay with unconjugated antibody on whole LSI 74T cells. 
Drug/ahiibody conjugation ratios, determined .spcctrpphotomctrically, were: 
a-KSI/4, 5.3; cif-tAG;72. 10; a-CEA, 2.5; IgG, 4.8. \ ' 

Labeling and Biodistribution Studies. The biwli,stribution of the anti- 
'KSl/4-j3-lactama.se conjugate was determined by following *" In-labeled con- 
jugate in liimor-bcaring nude mice; The conjugate was first reacted with 
isothiocyanatobenzyl diethylenetriaminepcntaacetic acid,.then labeled accord- 
ing to established pnicedures (22), The labeled conjiigate" (20 ^g and 10 
MCi/animal) was injected into the tail vein of nude mi<:c .wilh LSI 74T tumors. 
The animals were .separated into grotips of six, and groups, were sacrificed at 
4, 24, 48, 72, and 120 h after conjugate injection. Procedures for sacrificing, 
specimen collection, counting, and data reduction have been described previ- 
ously (23), Tumors were implanted by s.c. inoculation pf I 10^ cells in the 
flank of female athymic nude mice (Charies River Breeding Laboratories, 
Wilmington, MA), LS174T tumors reached a mean size of 0.2 g in 9 days, 

'Himor Therapy Protocol Design. The initial tumor therapy experiments 
were designed to show whether ADC delivery could. immunospecifically en- 
hance the efficacy of DAVLBHYD in two cell lines. Subsequent experiments 
were designed to determine which antigen best mediated the enhanced effect, 
what dose of antibody-enzyme conjugate was required to obtain the maximum 
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icily. 

Covalent Conjugate TCmdr Therapy ^S^^^^ Drug-anlit)ody conjugates 
were studied, iii pudc mice bearing LS 1 74T tumors iri the "ADC prblCKol" (Fig. 
p and in a, rct?valcnt, conjugate protocol" (Fig. 8). Under the ADC protocol 
mice were ddscd starting on day 16 after tumor implantation,'^96 h after saline 
' injections. ;prug-antib(Kfy'conjug were sized to' keiep^ the level of . 

p AVJjBH YD consta^^^ rngflcg/injeciion between experiment!arms. Under 
the covalent ranjugatVprp^^^ iiude mice bearing establishcd^l^ 
were givenjnjection.s Wice per week for 2' weeks with sufficient conjugate to 
make the DAVjLBHYDdpse 2 mg/kg/injectidn,.or with' DAVLBtfYD or ^ ' 
Doses of drug-antibody conjugate (in mg) administered to prpvid^ the^ desired 
level of drug arc .shown; jn. Table I. - ' \ * . ^ 

Data Analysis. Ratc.bf Jumor growth was the indicator of activity used to 
evaluate, the Ape delivery system..^ was inferred from either regression 
of cstabiishcd tumors or decrease in tumor growth rate. Treatment arms were 
considered to be sigriificantly difTcrrni only, when the standard error bai^' did 
not overlap. Stati.stica| significance of tumor regression was indicated by 
nonoverlapping standard errore between cariicr and later time points in a .single 
group of ni ice.. 



RESULTS 

The two cell lines lised in this study, LS 1 74T and T380, have served 
as models for localization and treatment with various antibody and 

Tabic .1 Doscx oftirufi-antihiMty vonjitnutc (in mg) administered to provide desired 
ivivt of drug 
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Fig. 2. Phannacokinctics of the a-ICSl/4-0-lactaniase conjugate in nude mice bearing 
LS174T tumors. 



conjugate constructs in the past. Previous studies have shown that 
neither KSl/4 (31) nor TAG-72 Internalize efficiently (25, 26). Other 
studies have shown that TAG-72 and CEA antigen expression can be 
markedly affected by whether the cells are grown in vitro or in vivo as 
human tumor xenografts (32). We therefore determined the relative 
staining intensity and heterogeneity of ail three antigen, systems in 
LS174T tumor xenografts. Frozen sicctions of sx. implanted LSI 747 
xenografts were subjected to standard immunoperoxidase staining 
techniques by using biotinylated MoAbs directed against the antigen 
' epitopes utilized in the therapy experiments described throughout this 
: paper. Ari irrelevant biotinylated MoAb^was also included as a neg- 
ative control: This study demonstrated thar the- antigen expression 
uetecied l>y ihe MoAbs used to conkruct the ^-lactamusc coiijugaics 
was similar to that Jn. previously published repo fhus, the KS 1/4 
,.,antigen jyis. characterized by ^homogeneous, intense, staining, which 
was similar to that observed against human colon tumor tissue (24). 
CEA antigen expression was observed to be intense cytoplasmic and 
membrane staining in; 707^0% of the tiimor cellsj in good agreement 
with the findings of Esteban ef o/. (29) who exanfiined the reactivity of 
the ZCE025 anti-CEA MoAb in LS174T tiimor xenografts. ZCE025 
binds to the sianie epitope as the CEM-23V M6Ab u in the present 
study (33).;Similar staining was observed with the anti-CEA antibody 
CEM231,on llSO'tumors." The anti-TAG-'72 MoAb/C;C-49 (20, 34), 
.bound to approxirnately 50-70% of the LSI 74T tumor section and 
denrionstrated reactivity which wa^ associated with tumor cells as \yell 
;as extracellular iHUciri. The binding; characteristics of CC-49 against 
LS174f.xenografts was very similar to that reported for another 
:anti^tAG;72 MoAb, B72 J, against;^ 

Before testing the effects of ADC;treatment'onnumbV it was 

necessary to. show that tumor localizatioh; of, the ant^ 
. conjugate occurred, and to detemriihe an apprbpriate' prelocalizatipn 
time: Ti&sue. distribution of radiolabeled, a:KSl/4-fl[-Iactamase con- '] 
jugate (Hg. 2) showed substantial localization to LSI 74T tumors, with 
favorable. (> 10); tunior:blood ratios beyond the 24-h point. Within 72 
h radiplabeled cohjugiate was barely detectable (0. 1 % oif the injected 
dose) in the blood. Consequently, 72 or 96 h was considered to be a 
sufficient interval between conjugate and prodrug injections. The ap- 
parent decrease in tumor conjugate concentration between 72 and 120 
h (Fig. 2) was shown to be due to increase in tumor mass during this 
period, not conjugate egress (see "Discussion")! Conjugate concen- 
tration in serum has also been followed by enzyme assay (35) and was 
shown to drop to an acceptably low level (200 ng/ml) within 72 h after 
injection. 



in vivo antitumor activity of the various ADC treatment regimens is 
shown in Figs. 3-6. Antibody-enzyme conjugate administration is 
indicated by open arrows and prodrug administration by filled arrows. 
Standard errors are included with all measurements to indicate statis- 
tical significance. Dose schedules were not optimized; instead, con- 
trols were included in each experiment to ensure that proper conclu- 
sions could be drawn. 

Antibody-enzyme conjugate doses were based on a preliminary 
dose-ranging experiment (not shown) with 35- and 280-^g doses of 
conjugate and 4 mg/kg LY 266070. Equivalent weight loss and tumor 
response at the two doses suggested that all p.rodrug was converted to 
dnip with thp 35-,','.g conjugate dose. 

The prodrug dose and schedule used for the ADC experiments 
shov. n in Figs, 3 and 6, i.e., 4-mg/kg bolus i.v. injection once weekly 
ror 3 consecutive weeks, were chosen because this was shown in 
preliminary experiments (not shown) to be the maximum amount of 
prodrug that could be administered by itself which did not result in 
significant antitunior efficacy or animal , toxicity. Jhe equivalent 
amount of free DAVLBHYD (2.4 mg/kg), used in Figs. 3 and 7, was 
also near its maxirhum tolerated dose since free dnig treatment caused 
the mice to lose between 13 and 15% of their prelreatment body 
weight. In contrast, the weight loss due to the 4-mg/kg prodrug treat- 
ment ranged from 7 to \0%. The prodrug dose was fractionated in the 
experinients of Figs. 4 and 5 to determine whether fractionation could 
be used to decrease treatment toxicity, thereby permittiriji higher pro- 
drug doses. Jhe results supported the.hypothei.is,vin that, neither the 
mice treated with free. drug nor the mice, treated whh. conjugate/ 
prodrug exhibited any weight loss under this protocol ■ while efficacy . 
appeared ,»o haye ^en similar to that seen with , bolus tjpsing (see 
below). H.v^ V'". ; _ /' 

ADC t!^a!nfienl of; LSI 74t tumors;, with eithe^ KSi/4- 
targeted^cpnjju^^^ S?MS?4J^5*.*iffi9^i^^^ 
iSf-KS i /4 conjugate, fj mors regressed f ram 0.37"± S (SE) g on day 
16 to 0.01. ± l).()l g on day 44, while, with ot-.CEA (^.n^^ the. 
tumore regressed. frpm'^0^^^^^ pO.iS lo.O.OS.t p!Q3-g (fig. 3) over th^ 
same period; These growtji curves shqw that while, antigen-specific, 
ADC treatinent caused regression of tumors^ frealment with free drug 
at the same . dose caused^ only a delay: of about 23 'dayji in'the time ^ 
required for the tumoiB to. reach 2 g.vGrowth curves for CEA- and 
KS l/4-directed: treatments were i^^ 

liltie effect pn tumor growth. Irrelevant TOnjugate/prodrug had activity . 
at least.as great'as free drug,a 

targeted, treatments, indicating that gntigen specificity contributes to. 
' treatment .effipacy, . • . - ; , .. : . . .\ : • z.^. , ; , 
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* D. Mackcnsen, unpublished results. 



20 30 ' 40 . 

Diiys Post Implantation 

Fig. X LS 1 74T lumor growth curves following ADC Irealmcnt. AdmlniMralion of 
conjugiiie. 35 ^ig of a-KSl'4. , or a-CEA. ■. or irrelevani. O. open arrows^ was 
followed aftor % h by 4.0 mg/kg nfj .Y2W»(17n. arrows. Additional control groups 
were treated with saline folltwcd by the same dose of LY266070. A. by the molar 
equivalent dose of DAVLBHYD. 2.4 mg/kg. □. or by saline. O. on the same schedule. 
Tumor masses averaged (V2g al initiation of treatment. 
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. Fig. 4. TM) lurhfir growth curves following ADC trealmcnl directed at CEA. Treat: 
mcnts wcrc similar to those in Fig; 3. except that prodrug administration was begun 72 h 
after conjugate instead of 96, and was fractionated over 4 days. Thus, conjugate admin-, 
isiralion. 35 /ig of q-CEA. or irrelevant, v. open arrows, was followed after 72 h by 
1 .0 mg/kg/day of LY26ft()70 for 4 days.' The fitledarfows denote the firel daj^ of prodrug 
dosing. Additional control groups were treated, with saline followed by LY266070, 
A'. DAVLBHYD, □. or by saline. O. on the same whedulc, Tumor masses averaged 
0,3 g ai ihiljaiion of trcitmcni. ^ ■ -. ' ' 
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served in response to ADC treatment with 35 and 14 conjugate/ 
course, while the duration of response t 3^ Mfi/course was shorter. 
Thus, maximal efficacy was obtained at between 3.5 and 14 /tg 
a-CEA-j3-lactamase conjugate/course. 

Administration of conjugate with only the first course caused a 
diminished effect in which tumor growth was delayed 39 days, com- 
pared to saline-treated controls, in the time required to reach 2 g. 
Histological examination of the small tumor areas present at various 
stages of treatment in additional sets of mice showed that CEA was 
available to bind the second and third courses of conjugate (data not 
shown). 

Coexpression of !C3i/4 {2% 36), CEA (30, 37), and TAG-72 (25) 
antigens (see above) by LS174T tumor cells enabled the direct com- 
parison of two modes of targeted chemotherapy on a single cell line: 
ADC (Fig. 6) and covalenl drug-antibody conjugates (Figs. 7 and 8). 
For the ADC study doses and schedule were identical to those in the 
experiment of Fig. 3. Large initial tumor volumes averaging 0^6 to 0.7 
g were us^ in these- experiments to provide a significant chaUenge; to 
treatment. Tumors in animals treated with a-CEA-0-lactamase/ 
prodrug regressed from 0.83 ± 0.24 g on day 20 to 0. 19 ± 0.07 g on 
day 41; a-KSl/4.p-lactamase/prodrug-treated tumors changed from 
0.96 ± 0.23 g to 0.49 ± 0.26 g over the same period; while tumors 
treated with a-TAGr72-j3- lactamase/prodrug changed from a maxi- 
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./..Fig. S, Response of T.IW) tumors to! ADC treatment with dift'crent doses of a-CbA- " 
p-laciamasc conjugate, trcatmehl schedule was identical to that in Fig. 4, f.g..' conjugate 
followed ancr 72 K by; 4.0 mg/kg prodrug fractlunated over "4 daysl Conjugate was 
administered at 35. 14. ©.'and 3.5, ^g in each course of therapy. A fourth group of 
mice. .' were treated with 35 /ig conjugate in the first thcrapcuiic course, only; eg., on • 
day 14 only, but with prodrug In all three courses. Control grouj>s,w6rc treated with saline, 
followed hvy DAVLBHYD, ClV saline. O. on the same scheciilc. 



, jiveraged 0.3 g.at^initialioiv of treatmcni. 
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' *'T380' xenbg^fts' also regressed, from 0.34 X Q.03 g!on diy 18 16 
0.22 ± 0.07 g on d^y 60, on treatment with a-CEA-/3-iactamas6 
conjugate and LY266070 (Fig. 4; note that the solid arrows in the 
figure denote thie first of 4 days of prodrug dosing' iii each course of 
therapy as described, in "Materials and Methods"). As in the LS1747 
model free DAVLBHYD produced only a minor growth delay (9 day^ 
in Ihe time required for tumors to reach 2 g), while ADC treatment 
produced regression and long-term stabilization of tumor mass with an 
equivalenl drug doise. Irrelevant conjugate/LY266070 had an intermer 
diate effect in which growth to reach 2 g was delayed 26 days without 
. regression. ^ 
The relationship between antibody-enzyme conjugate dose and re- 
sponse was examined by holding the prodrug doise constant at 4 
mg/kg/course of therapy fractioned over 4 days as in the experiment 
of F:g. 4, and decreasing the a-CEA-0-lactamase conjugate dose. An 
additional treatment group received conjugate in the first treatment 
course only, but received prodrug in all three courses, and a control 
group received free drug at a molar equivalent dose. Growth curves 
are compared in Fig. 5. All ADC treatment groups showed initial 
tumor regression, but the duration of the response varied with conju- 
gate dose. Responses duplicating those observed in Fig. 4 were ob- 
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F.ig. K Response of ;LS174T[: tiiin'Oni.to ADC treatment directed to. three* different 
antigens. ^.iJactamasc corijuggtcs of a-CEA, o a-TAG^7i i^, or irrclcvani; 

>. antibodies, administered a^ aldose of 35>tg. optn arrows, were followed after 96 h by 
4 ihgrtcg LY266t)7(),')f//ftV tirrow5.' /Additional control groups were treated with. saline 
followed' by LY266070. A,'oV saline, O. on Ihe sa.'ne schedule. Ttinior masses averaged 
0.6 g atJnitialion of treatinent.: . . . ' ; '.; :v ■ " ' ' 
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Fig. 7. Response of LSI74T tumors to drug-antibody conjugate treatinent directed to 
three different antigens. DAVLBHY D conjugates of dt-CEA, a-KSl/4. . and o-TAG- 
72. A, or irrelevant antibodies. O. were administered to mice, filled arrows, 96 h after 
saline injections, open arrows, mimicking the ADC dose schedule of Fig. 6. Additional 
contml groups were (reaicd with sahne followed by DAVLBHYD, or saline, 0» on the 
same schedule. Since the drug/antibody values differed for the three conjugates; di£ferent . 
conjugaie doses were administered to supply an equal amount of DAVLBHYD: 2.4 
mg/kg. Conjugate doses are given in "Materials and Methods." "Himor messes averaged 
0.6 g at initiation of t.'eatmeni. 
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mum of 0.94 ± 0.27 g on day 20 to 0.60 ± 0.26 g on day 33. Growth 
curves are compared in Fig. 6. While n significant difference be- 
tween the targeted treatment groups was observed, only the a-CEA- 
0-lactamase/prodrug treatment strictly met the criterion for regres- 
sion, as described in "Materials and Methods." Irrelevant antibody- 
/3-lactamase conjugate/prodrug treatment resulted in an intermediate 
effect in which growth was delayed (18 days to reach 2 g) but no 
regression was observed. 

Treatment with DAVLBH YD delivered as a covalent drug-antibody 
conjugate was measured for comparison with ADC delivery by using 
a-KSl/4-, 0-CEA-. and a-TAG-72-DAVLBHYD conjugates. Doses 
were calculated to provide the same molar quantity ot uaVLBHYD 
as the ADC treatments (see "Materials and Methods"). The growth 
curves (Fig. 7) show that no tumor regression occurred in any treat- 
ment arm and that only KSI/4-DAVLBHYD may have been more 
effective than irrelevant conjugate, although the difference did not 
meet the criterion for significance. 

An additional experiment was performed to test the efficacy of the 
covalent drug-antibody conjugates in a more intense dose schedule, 
typicar of previous experiments with, these agents (25). Mice with 
initial tumor burden averaging 0.5 g were given injections twice per 
week for 2 weeks of sufficient a-KSI/4 and a-TAG-72 drug-antibody 
conjugate to give 2 mg/kg DAVLBH YD per injection. Mice with, 
initial tumor burdens of 0.15 g were treated with a-CEA-DAVLB- 
HYD conjugate or the identical control materials. In one set of ani- 
nials treated with free drug the dose was 60% lethal dose, in the other 
it was 40% lethal dose. Growth curves (Fig. 8) show no tumor re- 
gressions. KSl/4- and TAG-72-bAyLBHYD conjugates appeared to 
suppre.ss LS174T tumor growth relative to the saline-treated control 
group (Fig. 84 ). Neither of these conjugates, however, was signifi- 
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Fig. 8. Response of 15I74T lumuni to drug-ant ihcuJy conjugate treatment on a more 
intense dosing schedule. DAVLBH YD conjugates of a-CEA. a-KS 1/4. . a-TACi-72, 
A. or irreicvanl anitNMltes. ■ \ were administered twice per week for 2 weeks, filivtt 
arnms, at a dose sufficient to provide 2A) mg/kg DAVLBH YD in each injection. Con- 
jugate doses are described in "Materials and Methods." Additional control groups were 
treated with DAVLBHYD al 2.(1 mg/kg/injcclion. or saline. O. Initial tumor masses 
averaged IJ,5 g in the experiment of A and 0.15 g in the experiment of B, 



cantly more effective than an irrelevant IgG-DAVLBHYD conjugate 
(Fig. &4). The anti-CEA-DAVLBHYD conjugate, on the other hand, 
was more effective than either free DAVLBHYD or an irrelevant 
IgG-DAVLBHYD conjugate when used in a lower tumor burden 
model (Fig. 8B). 

DISCUSSION 

Ibmor Gro-iVth inhsbstscn. The data in Figs. 3-6 demonstrate that 
the activity of the oncolytic agent DAVLBHYD can be qualitatively 
increased from moderate tumor growth inhibition to tumor regression 
and loiig-term stabilization by utilizing the antibody-directed catalysis 
delivery system.. Since this enhancement of activity \vas observed in 
both the T380 and LSI74T colon carcinoma models it is unlikely that 
the result is strongly cell tine dependent. 

* The data in Figs. 3 and 6 show that the ADC delivery system 
mediates tumor regression with the three antigen targets, CEA, KSI/4, 
and TAO-72, which have different patterns of expression. The choice 
of antigen to be utilized for antibody-targeted therapy is generally 
critical to its success. Many pargeted delivery systems require cellular 
internalization for anti-lumor activity (38, 39), but only a few of the 
known tumor-selective antigens internalize efficiently (40). For those 
antigens that do internalize, each cell that the antibody fails.to target, 
whether' because of an. j;cn heterogeneity, slow antibody diffusion 
rate, or poor vascularization, represents a locus' from which the tumor- 
can rcgeneratcrwithput inhibition. . . . 

Internalization is /not required for chembimmunocpnjMgatcs con- 
structed /yith certain suitable linkers, like those, used in the' cxperi-. 
mcnts of Fig.s. 7 anJ A These 'labile-linked" conjugates have dem- 
onstrated preclinical activity against a variety of target antigens (31). 
But even for drug-antibody conjugatc.vthat do not require internal- 
ization, antitumor efficacy has been shown to correlate %ith target 
antigen expression icvel (41 ). TliC results in Figs. 7 and S showing that 
KSI/4 targeting. is more effective than CEA or TAG-72'tafgetirig for 
DAVLBH Yp-antibody conjugates are in agreement \yith this conclu- 
sion. It would be.clearly advantageous, therefore, to use a site-specific 
delivery .system which is relatively unaffected by ahligen- char';- er- 
istics such as copy number and heterogeneous expression, and vyhich 
docs not require: internalization. / c ' - , ^ . 

Anti-CEA' and ahli-TAG-72 conjugates do not ifiteriialize effi- 
ciently (25; 26, 30, 37). Both bind antigen in the -iriterst ilia! fluid as 
well'as at cell, membranes and both antigens are lieterpgerieousiy 
distributed in LS174T tumors, TAG-72 being nrtore heterogeneous 
than CEA. Conjugates targeting KSI/4, in contrast, bind exclusively 
al the cell membrane and may^bind virtually every LSI 74T cell (see 
"Results"). These three antigens, therefore, represent a diverse panel 
of molecular targets with which to evaluate the therapeutic potential of 
the ADC system. The data in Figs. 3 and 6 indicate'that ADC therapy 
was quite successful for all three antigens with no significant differ- 
cncc.in activity aniongthcm, and is, therefore, relatively unaffected by 
the differing properties- of these antigens. 

Within this set of experiincnts two slightly different dosing sched- 
ules were also compared. While the total prodrug doses were the same 
in all experiments reported, the weekly 4-mg/kg prodrug dose was 
fractionated over 4 days instead of being given in a single bolus in the 
HKO experiments (Figs. 4 and 5): Fractionation should lead to greater 
.spccifici»y> because conjugate nof Hound. in the tumor has more time 
to dear before the full prodrug dose is administered. Furthermore, it 
was reasoned that if the prixlmg elimination was rapid, fractionation 
might result in a higher percentage of the total dose reaching the 
iumor, while a lower peak concentration of the drug might reduce its 
oveiall toxicity. The only clearly discernible difference between the 
fractionated and bolus dosing was that mice in the free drug control 
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groups showed no weight loss with fractionated dosing but significant 
weight loss with bolus dosing. 

The data also show that single binding arm antibody-enzyme con- 
jugates used in the experiments of Figs. 3-6 mediate drug delivery. 
Since comparable results were obtained with prodrug fractionated 
over days 4-7 (Figs. 4 and 5) to results with prodrug given in a bolus 
on day 5 (Figs. 3 and 6), retention of the single binding arm conjugate 
in tumor appears to be adequate. However, the result obtained with 
injection of conjugate in the first therapeutic course only (Fig. 5, ♦ ) 
suggests that the tumor residence time of the conjugate during treat- 
ment is less than 3 weeks. Egress of conjugate from the tumor com- 
partment during treatmeni could he Hue to the antigen-antibody-bind- 
ing equilibrium, in which case a dual binding arm conjugate [e.g., an 
antibody- or F(ab')2-enzyme conjugate] would be advantageous; but it 
could also be due in part to metabolic processes at the tumor. Phys- 
iological changes, resulting from, for instance, cell lysis, could also 
decrease retention of conjugate at the tumor. 

It has been noted that one potential disadvantage to the use of 
covalcnt drug-antibody delivery, is that high doses of antibody are 
likely to be required in humans (4). The doses of pAVLBHYD- 
antibody conjugate given in the experiments of Figs. 7 and 8 ranged 
from «(K) to 43(M) >xg- Doses of 270 to 4800 ptg/course of therapy were 
required to effectively treat LS174T (25, .3.'^) and other (41) tumor 
xenografts with iabilc:iinked chemoimmunoconjugates in previous 
studies. The experiment of Fig. 5 was performed to determine- the 
relationship of respiinse U) antibody-enzyme conjugate dose for the 
ADC system. The results showed that response increased with dose up 
to 14 jjLg, but not abdVehhis level,.so that in the T380 model maximum 
efficacy was achieved With between 3.5 and 14 fig conjugate. Thus, 
the quantity of conjugate localized at the tumor fpl lowing a 1 4-/ig 
coniugate dose ajjparently hydrolyzed ail LY266070 that, reached the 
tumor and additional; catalytic activity had no addiUona! Jbenefit at this 
prodrug dose. (In a separate test of prodrug dose response, tumor 
growth inhibition' decreased when prodrug dose was 'decreased at 
constant conjugate level Data riot shown.) . , ' " * . 

The ratio of antibody doses used to give equivalent ^quantities of 
drug in the'differenl delivery formats (drug-anlibofdy cohjugate/ADC) 
are sumffiarized in Table 2. They vary from 16 to 69 on a molar basis 
depicndihg'on the number of drug residues per antibody for the cova- 
lent drug-antibody conjugates. These ratios are calculated from the 
doses actually used in the experiments of Figs. 6 and 7, and are 
artificial in the sense that drug dose for ADC can be increased without " 
increasing the antibody-enzyrhe conjugate dose. Siric^ the data in Fig. 
5 show that considerably less than 35 /xg of F(ab')-P-lactainase may 
be required to achieve the fiill effect, it is estimated that dnig-ahtibody ' 
conjugates require doses ranging upward from 100 times greater than 
required by ADC to deliver equivalent drug. Furthermore, even larger 
amounts of drug-antibody conjugate administered in a more intense 
schedule (Fig. 8) ifailed to produce the regressions observed with ADC 
treatment.' Hence, thesti data suggest that ADC has the advantage over 
drug-antibody conjugate 'deliviery that, in addition to improved effi- 
cacy, it requires much less antibody. 

. Tabic 2 Ratio ttfantibtxiy doaes.-DAVI.HflYD antiMyi^-laviamas*: antibody 
These values arc the fold excess of anlibody required for delivery of equivalent 
quamiiicK of DAVLBHYD (2.4 mg/kg) in Fig. 7 |dnig-anlibody conjugate) over Ireat- 
mcnls in Fig. 6 (ADC treatmcm). The fold anlibody excess required for drug-anlibody 
conjugates incrca.scs when dosing is changed to achieve bcticr cflicacy (Fig. 8), or if ADC 
ireatment is equally effective ,al a lower conjugate dose, as suggested by the results in 
Fig..S. 

Anlibody. wi/wi , mol/mol 

o-KSI/4 S3 30 
tt-CEA 123 6V 
a-TAG-72 2K 16 



The antibody-enzyme conjugate dose required t reach maximal 
efficacy in ADC is expected to be a fundi n f the kinetic constants 
for the enzyme/substrate pair, and the potency f the drug. If enzyme- 
catalyzed hydrolysis of prodrug is slow, then a large concentration f 
enzyme would be required to activate sufHcient dnig to reach a 
therapeutic threshold. Likewise, at a given enzyme turnover rate, a 
lower potency drug should require a larger amount of enzyme to 
produce the therapeutic effect. The 0-lactamase-LY266O7O system of 
the current study involves both a relatively rapid turnover rate [4^^^ 
-11 (s ;1M)~^ .(]3)], and a relatively potent drug (50% inhibiting 
concentration —10'" m). Hence, the conjugate dose requirements for 
iiiKor 5* '5(^1^^ cciaid be ccnsidersbly higher' (or iower^ thsn the one 
determined in this^ study, depending on the potency of the drug and the 
rate at which it is produced by the enzyme. We note for comparison 
that antibody doses in preclinical radioimmunoimaging and radioim- 
munothcrapy experiments performed in our lat>oratories typically use 
10-20 jag conjugate/mouse (42. 43). The radioimmunoimaging stud- 
ies have been successfully translated into human patients by using 
doses between 1 and 50 mg of antibody. We predict that dose require- 
ments would translate similarly from mice to humans for antibody- 
enzyme conjugates if the drug potency and enzyme kinetic parameters 
were similar to those of this study. If the prodrug were a significantly 
worse substrate (lower k^JK^), or significantly less potent, then 
higher cortjugate dose requirements would be expectied. ; 

In the e,:periments depicted in Figs. 3 and 4, irreleyant antibody- 
enzyme conjugaie/prddrug was more effective than a nnolar equivalent 
dose of free drug. Ttiis efficacy enhancement may be due to conjugate 
which localizes in tumor independent of antigen binding ['^referiential 
accuinuiation'\<4)]v Thsoretical cohs^^ suggest that some, non- 

antigen-mediated localization of proteins to tumors is expected and 
c«n be attributed to tunior physiology ' - 

..Phaririacokineiics.. The pharmacokinetic' behavior. ' of the 
ft-KSl/4-S-lactamase conjugate (Fig. 2) is similar to that reported 
previously .for' F(ab;)2 fragments (45-47). Rapid clearance from the 
blood and good 4umor:blood ratios ihdicate'favorable pharmacokinet- 
ics of the conjugate; Since. the behavior of the a-KS 1/4 conjugate- 
resembled closely that of other constmcts of similar molecular weight, 
and si nce tumor "targeting had previously been demonstraterf with each 
of the antibodies from Vhich the conjugates were consthicted; it was 
assumed lhat the a-CEA arid cx-TAG-72 conjugates would 'klsolocal- 
,ize arid would clear from ihe^erum within 72 h. The data showing that 
the efficky arid toxicity resulting frbmt treatment with these; conju- 
gates were no different than those resulting from treatment' With 
, a- KS 1/4 conjugates support this assumption/ . ^ . ** : \ 
The data reported ill Fig: 2 suggest that conjiigate level !in_ the tumor 
decreased- com inuo^^ 24 to 120 h after injection. Hpweve 

examiiiatipri of the organ masses showed that the tumor miiss change^ ^ 
.between ,72 and 120 h accounted for essentially ^ill of the conjugate 
conceritratibn decrease during this period. Egress' of conjugate from 
the tumor after 72 h was found to', be very slow.' " .\ . 

. Reports on the pharmacokinetics of antibody-enzyme cbiijugatfes 
with different molecular properties have appeared previously (48). 
Bagshawe (3), investigating F(ab')2-carboxypeptidase G2 conjugates, 
noted a slow rate of serum clearance of anti-CEA conjugate relative to 
anli-hCG conjugate. This difiference was attributed to accelerated 
clearance of the hCG , conjugate due to complex, formation between 
conjugate and the hCG antigen (which is secreted into the scnim at 
high level), and subsequent removal of the immune complex by the 
reticuloendothelial system. Since the KSl/4 antigen is a transmem- 
brane glycoprotein (36), it is unlikely that shedding and immune 
complex formation were involved with the pharmacokinetics of the 
tt-KSl/4-F(ab') conjugate of Fig. 2. The relatively rapid clearance of 
this conjugate suggests that immune complexes are not required for 
61 
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rapid scrum clearance, and that other molecular properties are respon- 
sible for the slow serum clearance of the F(ab')2-carboxypeptidase 
conjugate. 

'Aunot Growth Inhibition in C roparable Systems. Antibody- 
directed catalysis systems based on carboxypeptidase G2 (referred to 
by the authors as Antibody-Directed Enzyme Prodrug Therapy or 
ADEPT) showed efficacy against LS174T and other tumor xenografts 
(3). In the LS174T studies targeting the CEA antigen, tumor growth 
inhibition, but not regression, resulted from a three-step regimen: (a) 
localization of anti-CEA F(ab')2-carboxypeptidase 63 conjugate; (b) 
galactosylated enzyme-blocking antibody; and (c) nitrogen mustard- 
derived prodrug. Tne galactosyiaicd eiizymc-blocking antiuody had 
the effect of clearing conjugate from the serum to allow prodrug 
administration while tumor level of conjugate was stiil high (49). This 
study was conducted with a relatively small initial tumor volume, used 
a prodrug dose higher than the maximum tolerated free drug dose, and 
used only a single course of therapy (3). In. studies targeting the hCG 
antigen in a different cell line, cures were reported (3). 

Antibody-dirked catalysis systems bused on alkaline phosphatase 
and other enzymes have also been reported to be active in tumor 
xenograft moUels (2). Whole antibody-alkaline phosphatase conju- 
gates were used in combination with prodrugs that arc phpsphorylatcd 
derivatives of etoposidc and mitomycin C to obtiijn tumor growth 
inhibition. Efficacy was shown to be drarnalicaliy ' enhanced over 
treatment with, free drug when prodrug doses 2- tO'3Tfpld higher than 
free drug were used.' However, efficacy was'relatiyeiy nonspecific: 4.3 
versus yi log cell kill for tumor-specific >ver5H5 irrelevant conjugate, 
respectively; in one experiment using mitomycin phosphate for pro- 
drug. The honsisecificity was aUributed to substantiahconjugatc re- 
maining in the serum when the prodrug was administered, 24 h after 
injection (2). In all i/i vivo studies reported to date (2, 3), however, 
ADC delivery has proven more effective than direct injection of the 
free chemotherapeuiic agent. 

As noted, the previous studies on the efficacy of ADC delivery 
systems (2, 3) have used prodrug doses greater than the molar equiv- 
alent free drug dose, taking, advantage of the differerice in toxicity 
between drug and prodrug in these systems (2, 50). The remarkable 
enhancement for molar equivalent doses observed here with ADC 
delivery (Figs. 3-6) may result from an improvement in the bioavail- 
ability of the prodrug over the free drug. Pharmacokinetic studies to 
investigate this- question are in progress. A study by Antoniw et al^ 
(51) demonstrated that prodrug can have pharmacokinetic properties 
different from those of the parent drug. It was shown that the parent 
drug ifv that system (a nitrogen mustard) was more bioavailable than 
its prodrug derivative (glutamic acid amide of the nitrogen mustard). 

The ultimate intent of this series of experiments is to assess the 
practical and theoretical advantages and disadvantages of different 
methods of administering toxic agents to humans with the use of 
preclinical models. The comparison could be based on'cithcr efficacy 
or toxicity, but if it is based on toxicity, diminished toxicity must lead 
to better treatment. Labile-linked drug-antibody conjugates in this 
study showed efficacy comparable to, or slightly better than direct 
injection of drug, but the activity' was strongly antigen dependent, 
being mast pronounced for the antigen present in highest concentra- 
tion, and least pronounced for a heterogeneously expressed antigen. 
Drug-antibody conjugates were substantially less toxic than frce drug, 
but efficacy comparable to or better than free drug required a very 
high antibody dose. ADC delivery, in contrast, showed substantial 
improvement in efficacy over free drug, in addition to toxicity reduc- 
tion. For ADC the improvement was obtained at a much lower anti- 
body dose, and the effect was equivalent for three dissimilar antigens. 
Thus, ADC improved the efficacy of the oncolytic agent and overcame 



two of the most troubling aspects associated with antigen-directed 
delivery of chemotherapeutic agents: antibody dose and antigen suit- 
ability. 
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